the presence or absence of competing instructive signals could be controlled. We have therefore examined the effect of a soluble form of Delta-1 on prospectively isolated NCSCs in clonal culture. Our data suggest that Notch does not maintain stem cells in an uncommitted state, but rather acts positively to promote an irreversible and cell-heritable switch from neurogenesis to gliogenesis. from undifferentiated neural crest cells. The eight different peripheral glial markers that we have examined fall into one of two categories: either they are also exvitro system in which the consequences of Notch activation in purified NCSCs could be studied in more detail. pressed by neural crest cells, such as Sox10 (Kuhlbrodt et al., 1998), or they are expressed relatively late in development, like the myelin proteolipid protein (PLP) and Soluble Delta-Fc Permits Glial but Not Neuronal or Myofibroblast Differentiation, and Impairs the glycolipid antigen O4 (Rohrer et al., 1986; Rudel and Rohrer, 1992) , and are therefore likely markers of glial the Self-Renewal of NCSCs Self-renewing NCSCs that are capable of differentiating maturation rather than lineage commitment (Mirsky and Jessen, 1996) . Nevertheless, in several embryos, exinto neurons, glia, or myofibroblasts can be purified from E14.5 rat sciatic nerve by flow-cytometry, selecting for pression of constitutively activated Notch-ICD appeared to increase the number of Sox10-expressing cells in cells that are p75 ϩ and P 0 Ϫ (Morrison et al., 1999). To activate Notch signaling in these cells, we added condichick DRG, although it did not accelerate the expression of later markers such as PLP (data not shown). These tioned medium containing soluble Delta-Fc fusion protein secreted by transfected 293 cells, clustered by addidata are consistent with the possibility that activated Notch promoted glial differentiation at the expense of tion of anti-human Fc antibody (see Experimental Procedures). As a control, we added conditioned meneurogenesis, and that the timing of later glial maturation events is controlled by other signals (Topilko et dium from Fc-transfected cells. Consistent with our in vivo data, addition of Delta-Fc to the culture medium al., 1997). However, these markers did not allow us to rigorously distinguish this effect from a strict inhibition strongly inhibited neuronal differentiation (Table 1) . In control cultures, 70%-85% of the colonies developed of neurogenesis. To resolve this issue, we turned to an in virus were cultured for 14 days and stained for peripherin, GFAP, and SMA. Notch-ICD infected cultures gave were infected with a recombinant retrovirus engineered to express the constitutively active Notch1 intracellular rise to significantly more Schwann-only colonies (46%, n ϭ 133) than did clones infected with the control virus (2%, n ϭ 200; p Ͻ 0.05) and significantly fewer neuroncontaining colonies (6%) than controls (74%). The fact that constitutively active Notch-ICD mimicked the effect of Delta-Fc indicates that the soluble ligand acts as an agonist rather than as an antagonist of Notch on NCSCs.
Results

Notch Activation Inhibits Neuronal Differentiation by Neural Crest Cells In Vivo
Delta Acts Instructively to Promote Glial Differentiation
The foregoing experiments did not distinguish whether Delta-Fc instructively promoted glial differentiation by multipotent cells, or rather promoted the selective attachment or survival of contaminating glial progenitors, or conversely the death of neurogenic cells. To distinguish between these alternatives, we analyzed the survival and fate of a randomly selected population of identified founder cells to which Delta-Fc or Fc had been added after plating and attachment, rather than before (Table 3 , schematic). The majority of founder cells survived in both Delta-Fc (83%) and control medium (68%) ( Table 3 ). Yet the proportion of Schwann-containing and Schwann-only colonies observed in Delta-Fc was over 5-fold higher (73%) than that in controls (13%-14%, p Ͻ 0.05) (Table 3) . Thus, the promotion of Schwann lineage differentiation by Delta-Fc cannot be explained by either the selective survival of subsets of restricted glial progenitors or the selective killing of progenitors lacking glial capacity, and must reflect an alteration in the differentiation program of multipotent founder cells. Table 2 .
per time point per treatment in each of three independent (Table 5 , "stanFc to promote glial differentiation cannot be explained by either interclonal or intraclonal selection, and likely dard" and ϩFc, "Neurons"). Furthermore, only 13%-19% of such colonies contained any Schwann cells (Table 5,  reflects instruction. "Schwann-only" and "Schwannϩother"). By contrast, less than 2% of colonies exposed to Delta-Fc for only Notch Signaling Is Dominant over the Instructive Neuronal Differentiation-Promoting Signal, BMP2 24 hr and subsequently challenged with BMP2 exhibited neuronal differentiation (Table 5 , ϩDelta-Fc, "Neurons"). We next asked whether the effect of Delta-Fc would be dominant or subordinate to that of BMP2. BMP2 both Instead, 57% of colonies pretreated with Delta-Fc contained only GFAP ϩ Schwann cells and over 80% of colopromotes and accelerates neuronal differentiation by NCSCs in an instructive manner (Shah et al., 1996) , and nies contained at least some GFAP ϩ Schwann cells ( Table 5 and Figures 3A-3C ), despite the presence of BMP2. is required for the differentiation of some crest-derived peripheral neurons in vivo (Schneider et al., 1999) . ConIf anything, the intensity of GFAP expression was higher in cells transiently exposed to Delta-Fc and subsesistent with this, after 5 days of growth in medium containing control Fc protein, BMP2 induced differentiation quently cultured in BMP2, than in cells simply cultured In these experiments, the culture medium contained BMP2.
The fact that a transient, 24 hr exposure of NCSCs to chick embryo extract (CEE). Although CEE promotes NCSC survival, self-renewal, and multilineage differentiDelta-Fc was effective also provides further evidence that Notch acted instructively rather than selectively in ation under standard conditions, it was possible that in the presence of activated Notch some unknown factor this system. At the time that Delta-Fc was washed out of the medium, the vast majority of colonies consisted in CEE was required in order to observe glial differentiation. However, exposure to Delta-Fc in CEE-free medium of only a single cell (on average 1.1 cells/colony). Yet, such cells still went on to develop significantly more for 24 hr followed by 4 days of BMP2 exposure in either the continued absence or presence of CEE, still resulted Schwann cells and significantly fewer neurons than controls, even when they were subsequently challenged by in significantly decreased neurogenesis and increased gliogenesis (data not shown). Similarly, when clones exposure to BMP2. The fact that Delta-Fc can exert its influence on founder cells before they have a chance were cultured in retinoic acid-free medium, the ability Table 1 ). Note that the "Schwann-only", "Schwannϩother", and "No Schwann" categories add to 100%, but there is overlap between these latter two categories and the "Neuron", and "Myofibroblast" categories since some colonies contained various combinations of Schwann cells, neurons, myofibroblasts, and undifferentiated cells. The data are based on two to four independent experiments in which an average of more than 60 clones were analyzed per treatment per experiment. Statistics (mean Ϯ standard deviation) within columns were compared by pair-wise t tests. Significantly different statistics (p Ͻ 0.05) are followed by different letters. (Table 1) . It was therefore of interest to compare the kinetics of glial lineage determination in Delta-Fc to that in Nrg-1.
Morrison et al., 1999). This result is therefore indistinguishable from that obtained when NCSCs are grown for similar periods of time in Delta-Fc
In a side-by-side comparison, NCSCs were exposed to Delta-Fc or Nrg-1 for 24 hr, followed by washout of these factors and a subsequent 4 day challenge with BMP2. The colonies were then fixed and stained for all three markers (peripherin, GFAP, and ␣-SMA). As previously reported (Shah and Anderson, 1997), such a brief exposure of NCSCs to Nrg-1 was not sufficient to cause an irreversible loss of neurogenic capacity: 78.6% of colonies transiently exposed to Nrg-1 contained neurons after the subsequent challenge by BMP2 (Table 5 , Nrg-1 ϩ Fc, "Neurons" and Figures 3D and 3E ), a number not significantly different from the controls (Table 5 , "Standard" and ϩFc). In contrast, as mentioned above, less than 2% of colonies preincubated in Delta-Fc contained neurons following the BMP2 challenge ( Figures  3A and 3B) . Furthermore, glial differentiation was enhanced by pretreatment in Delta-Fc compared to pretreatment in Nrg-1: 57% of cells exposed to Delta-Fc for 24 hr gave rise to colonies that contained only Schwann cells despite the subsequent BMP2 challenge, while only 1% of cells exposed to Nrg-1 did so (cf. Figure 3C versus Figure 3F and Table 5 , Schwann-only). In cultures incubated for 5 days in Nrg-1, the factor did inhibit BMP2-induced neurogenesis relative to controls as pre- Table 5. contained myofibroblasts. In the presence of BMP2 but not Delta-Fc, only 20% of the colonies contained myofibroblasts, no colonies contained GFAP ϩ glia, and about of Delta-Fc to cause glial commitment and differentiation was undiminished (data not shown). These data 94% contained neurons (Table 6 ). Myofibroblast differentiation was also promoted in the presence of BMP2 suggest that the effect of Delta-Fc is not dependent on additives such as CEE and retinoic acid. Nonethless, when constitutively active Notch-ICD was transduced into NCSCs using a retroviral vector (data not shown). we cannot rule out that some other component of the culture medium might promote glial differentiation in the These data indicate that Delta-Fc allows myofibroblast but not neuronal differentiation to be induced by BMP2 presence but not the absence of activated Notch. when the two factors are presented concurrently. In other experiments, NCSCs were cultured for 4 days in Delta-Fc Acts More Rapidly than Nrg-1 (GGF-2), Another Instructive Glial Differentiation Factor Delta-Fc and then challenged with serum, which also induced myofibroblast differentiation (Stemple and AnIf glial differentiation were simply a consequence of inhibiting neurogenesis in NCSCs, then other instructive derson, 1992; Shah et al., 1996) . Some cells still differentiated to myofibroblasts although many appeared comglial differentiation factors should act with the same kinetics as Delta-Fc. One such factor is Nrg-1 (GGF-2).
mitted to a Schwann cell fate (data not shown). These data suggest that Notch signaling is permissive for myoPrevious studies have shown that when NCSCs are grown for 12-14 days in recombinant Nrg-1, Schwann fibroblast differentiation under some circumstances, and that myofibroblast potential may be lost more slowly cell differentiation is promoted at the expense of neuronal and myofibroblast differentiation (Shah et al., 1994; than neuronal potential in Delta-Fc. Nevertheless, in the glia in vivo? The answer may be related to the observation that when addition of BMP2 to NCSCs is delayed, the myofibroblast-promoting effect of the growth factor Notch Signaling Dominantly Inhibits BMP2-Induced Neurogenesis is lost (Hagedorn et al., 1999) . Consistent with this observation, we observed that when concurrent administraThe fact that Notch activation is dominant to the neurogenic influence of BMP2 is surprising for two reasons.
tion of BMP2 and Delta-Fc was delayed for 24 hr after plating, gliogenesis predominated. Thus, although Notch First, the only other known instructive factor for gliogenesis in this system, GGF2/Nrg1, is completely subordiis permissive for BMP2-induced myofibroblast differentiation at the time of plating, under most circumstances nate to BMP2 when the two factors are presented concurrently to NCSCs at saturating concentrations ( 
